We investigate localized strains in polymer-based composites subjected to varying strain-rates and strains. Research on composites is often focused on their bulk mechanical behavior. However, many material phenomena are influenced by their microstructure, such as the mixing and reaction mechanisms of constituents in structural energetic materials. Therefore, the response of composites at the mesoscale is of clear interest; especially as insight into the micro-deformation and damage, and interaction effects between the constituents at the local level will better inform our understanding of the bulk composite constitutive behavior. To more fully understand the composite mechanical behavior at the mesoscale, uniaxial compression experiments were conducted on epoxy reinforced with aluminum (20 or 40 vol%) and nickel (0 or 10 vol%) particles. Additionally, the particle size of aluminum was either 5 or 50 μm in diameter. Experiments were carried out at quasi-static and dynamic strain rates. Resulting microstructures were analyzed to measure the degree of particle strain and compared to the global material strains for different degrees of strain-rate, strain, and particle size and volume fraction. The aluminum particle strain increased with global strain and had a strong dependency on strain rate. Introducing stiffer nickel particles resulted in larger aluminum particle strains. The nickel particle strain was minimal (< 3%) and showed no dependency with strain rate. This research gives insight into the interactions of particle reinforced composite constituents and their deformation at the mesoscale which is important for understanding phenomena such as preignition mechanisms in structural energetic materials.
Introduction
It is well known that bulk mechanical behavior of composites depend on the underlying constituent properties, composition, morphology, bonding between the matrix and particle phase, as well as the interaction of different particle phases.
These interactions may be more apparent in polymer composites where the constituent phases have high contrasting material property values or rate dependencies. In numerical calculations of impact/shock loading conditions of Ni-Al [1] and Al-W [2] particulate composites, jetting of the softer/ less dense aluminum around the more rigid/denser nickel or tungsten particles has been observed. Clearly the behavior of the composite at the mesoscale is influenced by the disparity between constituent properties, where in these cases the W and Ni have higher densities, stiffness, and work hardening properties. While these studies have shown an interaction between the different particle constituents, the influence of a matrix phase, inter-particle spacing, and strain rates have not been fully explored.
Polymers are commonly used as the matrix phase in structural energetic materials, and are known to be highly rate dependent in their yield strengths and elastic moduli. Polycarbonate (PC) [3] , polyvinylidene difluoride (PVDF) [4] , polymethyl methacrylate (PMMA) [5] , epoxy [6] , and other polymers [7, 8] for example all show bi-linear strain rate dependencies in their yield strength, where at low strain rates the polymer's strength increases with strain rate with a mild dependency (slope), until at some moderate strain rate the polymer undergoes a transition in mechanical behavior, where they begin to exhibit larger increases in yield strength with increased rates of strain. In composites comprised of a polymer matrix reinforced with particles, this may have a large influence on degree of strain found in the particles. For example, at low strain rates, if the matrix is relatively compressible in comparison to the particle phases and the volume fraction of particle reinforcement is relatively low (dilute), then the polymer may accommodate much of the strain under loading with little interaction between particles. This would result in very little strain within the particles. At higher volume fractions of particles with a relatively weak/compresible matrix, however, particle-particle interactions become more probable as a result of decreased inter-particle spacing. This would lead to an increase in the likelihood of accumulating higher strains within the particles, particularly in instances of interactions between softer and stiffer particles, or a strain rate strengthened polymer matrix with softer particles. As the strain rate and/or polymer strength increases (even to the point where the local polymer yield strength is higher than that of the reinforcing phases), larger loads are transferred to the particles, which would also result in a higher probability of strain accumulation within the particles.
In research carried out by Quane and Russell at quasistatic strain rates [9] , the particle strain of soda-lime silica glass beads as a function of global strain in high temperature compression experiments was determined for sintered soda-lime silica glass bead core samples. In their analysis the following equation was used in which the particle strain is related to the aspect ratio, γ, of the glass beads [9] .
In Eq. (1) γ is the ratio of the particle lengths perpendicular and parallel to the loading axis. One limitation to this formulation of particle strain under compressive loads is that strains > 100% are not possible. While this is appropriate for the glass bead study in which no matrix material was used and the particles are in direct contact, during dynamic compression events on complex composites that have local variability at the mesoscale, such as those found in this research, it is entirely reasonable that the high strain rates and stress states produce localizations of regions or particles that have strained beyond 100%. This requires a different formulation for measuring the particle strain and will be addressed in this study.
(1) particle = 1 −
2∕3
In the current research epoxy matrix composites reinforced with aluminum and nickel particles are studied to understand the mechanical behavior of composites at the mesoscale through particle strain analysis. The methodology used for measuring the particle strain is described in "Two-Dimensional Particle Strain Analysis" section. To examine the effects of strain rate on the composite deformation at the mesoscale, uniaxial compression tests at quasi-static and dynamic strain rates were carried out using the procedure outlined in "Mechanical Testing" section. Due to its ease of use as a matrix material and well characterized strain rate dependence of yield strength, epoxy was chosen to examine effects of a polymer matrix and strength enhancements at the higher rates of strain on the particle deformation. To differentiate the role of contrasting properties between the constituents on the mesoscale deformation, aluminum and nickel were chosen as the softer and harder reinforcing particle phases respectively. The matrix behavior is inferred using aluminum and nickel particles as indicators, while measured for the aluminum and nickel.
Shown in Table 1 are relevant mechanical properties for each composite constituent. Using these properties along with constituent volume fractions we are able to estimate a composite elastic modulus, E c , using the following equation based on a Reuss averaging.
The calculated values for E c , given in Table 2 , can be used in Hooke's Law ( = E c ) to estimate the composite stress for increasing levels of strain to better understand how filler content and strain rate influence mesoscale deformation. This was applied to four composite formulations (see Fig. 1 ).
As one might expect, using this methodology, we should find a stiffer composite with increasing aluminum content from 20 to 40%. However, while we would also expect a stiffer composite response with increasing strain rate we found this had a greater influence on the calculated stress than filler volume fraction due to a stiffer polymer matrix at high rates, even with the addition of 10% of the much stiffer nickel constituent. Compared to epoxy, aluminum has a relatively low strain rate dependent flow stress and much higher elastic modulus. However, due to the overlap in their yield strengths, particularly at higher rates of strain, localized stresses at the mesoscale that exceed the yield strength of the aluminum are expected to occur. For increases in metal filler content or rates of strain we expect this deformation to occur at smaller composite strains as illustrated in Fig. 1 . Nickel on the other hand has a higher strength than both epoxy and aluminum and is expected to undergo little to no plastic deformation during the uniaxial compression experiments. The work hardening behavior of nickel is also expected to limit any appreciable straining that may occur in the nickel particles and allow for a greater transfer of stress to the surrounding epoxy and aluminum constituents.
In this research we seek to understand whether or not these expected results occur in these types of composites and relate interactions of the constituents at the mesoscale to the response to global mechanical responses through particle strain measurements of cross sections from postmortem samples.
Experimental Approach

Materials
Polymer-based composites consisting of varying volume fractions of aluminum and nickel powders mixed into an epoxy matrix, were prepared using casting techniques [15] . The epoxy system was comprised of a diglycidyl ether of Bisphenol A epoxy resin (EPON 826, Hexion Specialty Chemicals) cured using diethanolamine (DEA) in a 100:12 (EPON826/DEA) ratio by weight percentage. To prepare the castings a pneumatic driven mixer was first used to blend the reinforcing powders into the epoxy resin at an elevated temperature to reduce viscosity. Once the particles were sufficiently wet by the resin, DEA was blended into the mixture and then placed in a vacuum to quickly draw any air out of the mixture that had been introduced during the blending process. The prepared mixture was cooled to room temperature and allowed to rest for 24 h prior to curing at 80 °C for an additional 24 h. The nominal aluminum particle diameter was varied between 5 μm (H3 grade, Valimet Inc.), and 50 μm (H50 grade, Valimet Inc.), and had measured mean particle diameters of 5.43 μm and 51.91 μm respectively. The nickel powder (NI-120 grade, Micron Metals, Inc.) had a mean particle diameter of 47.45 μm. The aluminum particle volume fractions were varied from 0.20 to 0.40, and nickel from 0.00 to 0.10. Details of the eight formulations resulting from these permutations are given in Table 2 .
Representative examples of microstructures, highlighting the distribution of the particles and difference in size between nickel and the two types of aluminum, are shown in Fig. 2 for two of the cast composites.
Mechanical Testing
From large castings of each composite, right cylindrical samples were machined for use in quasi-static and dynamic compression experiments. Quasi-static compression experiments were carried out at strain rates of 1 × 10 −4 s −1 and 1 × 10 −3 s −1 on samples (12.7 mm diameter × 25.4 mm length) for each composite formulation. Separate samples from each composite were taken to engineering strain levels of approximately 0.15, 0.20, 0.25, or 0.30. These experiments were conducted using and MTS 810 testing frame with a 100 kN load capacity and constant crosshead displacement rate to achieve the desired strain rates. A thin layer of boron nitride followed by a secondary layer of molybdenum disulfide lubricant was sprayed onto the platens to reduce frictional effects (barreling) and samples were carefully aligned with the loading axis of the testing apparatus. To measure the sample strain directly, fiducial marks were placed on each sample's outer surface, to create virtual strain gauges, and their displacements were tracked using the VIC Gauge 2.0 (Correlated Solutions Inc.) software.
For uniaxial stress compression experiments conducted at dynamic strain rates a split-Hopkinson pressure bar apparatus was used, located at AFRL, Eglin AFB, FL. The SHPB apparatus consists of 6061-T6 aluminum incident and transmission bars (12.7 mm diameter × 1524 mm length) and a striker bar (12.7 mm diameter × 610 mm length). The lower elastic modulus aluminum bars, in comparison to steel, decreases the strain levels for stress equilibrium to be achieved within the samples [17, 18] . Stress-state equilibrium was verified by comparing the 1-and 2-wave stress-strain response [18, 19] and was achieved between 0.05 and 0.10 strain. As with quasi-static tests a lubricant was placed on the bar ends that are in contact with the samples to reduce frictional effects such as barreling and magnified flow strengths [20] and to ensure uniaxial stress in a laterally unconstrained geometry [19] . For these compression experiments two different specimen nominal geometries were used, 3.5 mm × 8 mm (length × diameter) and 2.5mm × 5mm (length × diameter) in order to obtain strain-rates of 1 × 10 3 s −1 and 5 × 10 3 s −1 , respectively with higher strains in the samples achieved at the higher rates of strain. Since the duration of the split-Hopkinson experiments are approximately the same, for a set incident, transmission, and striker bar geometry, the strain rate limits the level of strain achieved in each experiment. In these tests the samples experienced multiple loadings from wave reverberations in the bars that contributed to the overall sample strain. Due to the strain recovery associated with these types of composites, the geometry of each sample was measured using micrometers following the completion of the compression experiments to determine the degree of global plastic strain. Additional details regarding the experimental apparatus and approach used for quasi-static compression and split-Hopkinson pressure bar experiments are described elsewhere [6, 15] . 
Microscopy and Image Processing
The deformed compression samples were sectioned along their vertical (loading) axis near their centers-axially and radially. Sectioned samples were mounted in epoxy and their surfaces were polished. Microstructures were examined using scanning electron microscopy with electron backscatter capabilities. To increase the image resolution for easier boundary identification, as well as increase the microstructure domain size of interest, an array of backscatter images were taken and stitched into a single montage image. Microstructure images were converted into gray-scale images so that a threshold routine could be applied to identify the particles of interest in the composites for particle strain analysis, described in "Two-Dimensional Particle Strain Analysis" section.
The quasi-static compression tests were terminated at different strain levels for each composite and strain rate. For tests conducted at a strain rate of 1 × 10
, microstructures were acquired, from samples where tests were terminated at engineering strains of 0.15 and 0.25, while for tests compressed at a strain rate 1 × 10 −3 s −1 , microstructures were analyzed from tests terminated at engineering strains of 0.20 and 0.30. In this way, assuming strain rate effects are small at quasi-static strain rates, particle strain measurements from tests conducted at quasi-static rates of strain comprise a set of data that is compared with particle strain measurements from tests at dynamic strain rates.
Two-Dimensional Particle Strain Analysis
As seen from microstructure images in Fig. 2 , the particle morphology for both the aluminum and nickel particles can be approximated as spheres without any gross oversimplifications. Assuming the particles are initially spherical in geometry, after compression the particles take on an oblate ellipsoidal geometry (see Fig. 3 ).
Assuming the volume is conserved during deformation, the geometry of the particles following uniaxial compression can be related to the initial particle geometry through the following equations:
where r is the initial particle radius, a the ellipsoidal particle's major axis length perpendicular to loading direction, and c the minor axis length parallel to the loading direction. By simplifying Eq. (3), r is related to a and c.
The particle geometry may then be related to the amount of strain achieved due to uniaxial compression by
implementing the following definition of true strain for a radial strain in the loading direction is defined as:
Using r 0 = r, r f = c , and Eq. (4) along with simple logarithmic operations, Equation (5) can be rewritten as:
where, γ is related to the aspect ratio of the ellipsoidal geometry through:
In the case where a = c, = 1 , and particle = 0 . For strains = 100%, the aspect ratio is approximately 4.48. Using Eqs. (6) and (7) as the basis for particle strain measurements, a MATLAB® (The MathWorks, Natick, MA) script was written to analyze the microstructures, identify the particles, measure their geometry, and calculate the amount of strain for each identified particle. A schematic of the elliptical profiles as determined by the MATLAB® script for a few hypothetical cross-sections through particles following compression are shown in Fig. 4 . Although in this schematic the ellipses were randomly oriented we found the oblate particle's major axis to be randomly oriented for measurements (average ≈ 45°) on uncompressed samples and increasingly aligned perpendicular to the experimental loading axis as global strains increased.
It is important to note that a and c were not averaged over a sample population and used to calculate the average particle strains, rather the particle strain was calculated for each individual particle and then averaged for each particle species, i (Al or Ni). This analysis was applied to images taken from cross sections on uncompressed samples from the bulk starting material and post compression microstructures. Given that the starting particles are not perfectly spherical and have an average measure of eccentricity, an average baseline for apparent particle strain for the as-cast material microstructures was subtracted from particle strain measurements of post compression microstructures. This allowed for the absolute particle strains to be obtained for each composite and related to the global plastic strain.
Particle strain measurements using the method outlined above are carried out on two-dimensional cross sections; as such the values obtained are not necessarily a measure of three-dimensional particle strain. This is due to the cross sectioning plane through the samples intersecting the deformed oblate ellipsoids at random locations and not always coinciding with the particle's center axis. For cross sections aligned parallel to, and through, an oblate particles minor/loading axis, c, the measured aspect ratio, and thus strain, are at their largest value. For any cross sections that
are offset from their minor axis the aspect ratio decreases.
Since the probability of a cross section being coincident with the center axis are lower than being offset, the measured particle strain are consequently lower. By assuming that spheroids are non-overlapping, randomly scattered, and have an isotropic orientation, CruzOrive [21, 22] developed 'unfolding' relationships between the observed size-shape probability density function describing a finite population of ellipses measured from a crosssectional plane through a material, and the predicted sizeshape probability density function describing the population of the spheroids. This unfolding analysis has been applied by other researchers [23, 24] , however it was beyond the scope of this research.
Results and Discussions
Microstructures were examined for global strain and strainrate dependencies, interaction effects between the different constituents, and effects of particle size on the resultant measured particle strains. Listed in Table 3 , are the average baselines for apparent particle strain for the small aluminum, large aluminum, and nickel particles from uncompressed samples. The average baseline particle strains for the large aluminum and nickel particles came from cross-sections through samples from EAN4010-50, EAN2010-50, EA40-50, and EA20-50 and were determined to be 19.79%, and 22.06%, respectively. The average baseline particle strain for the smaller aluminum particles came from measurements on uncompressed samples from EA4010-5 and EA2010-5 and had a value of 22.18%. For a given particle type the difference in the baseline particle strain measured from different composites or different montage images of the same composite was approximately 1%. Since the same lot of aluminum and nickel powders were used in all of the composite formulations in this research the baseline particle strains are averaged across all composite formulations for each particle type. The baseline strains were later subtracted from post-compression particle strain measurements to account for their average starting eccentricity and any residual strain from curing of the epoxy-based composite. In the following sections results are focused primarily on the composites containing the larger sized aluminum. 4 Visualization of the major and minor axes for hypothetical particles (white) following compression. An ellipse constructed from the major and minor axis lengths is also shown for each particle Additionally, since each composite has a different composition, the amount of global strain recovered for each composite and achieved plastic strain level is different following unloading of the compression experiments. Therefore, the measured plastic global strains in the subsequent plots deviate from the intended strain levels. Final sample lengths and diameters were measured using micrometers and converted to final global strains. The results of the particle strain measurements for each examined microstructure are given in Table 4 .
Microstructure Deformation at Quasi-Static Strain Rates
In Fig. 5 , results of the aluminum particle strain measurements are shown for the composites containing the larger Table 4 Particle strain statistics for examined composites and experimental strain rate
The standard error reported for mean particle strain is equal to the standard deviation over the square root of the number of particles sampled sized aluminum particles (EAN4010-50, EAN2010-50, EA40-50, and EA20-50), compressed at quasi-static strain rates. Two distinct deformation behavior regimes were immediately apparent for the composites, those with (solid markers) and without nickel (hollow markers). Over the range of the global strains evaluated, each type of composite was found to have a linear particle strain dependence on global strain. For composites EAN4010-50 and EAN2010-50, the rate of increase in particle strain with global strain was greater than those of both EA40-50 and EA20-50. Additionally, composites EAN4010-50 and EAN2010-50 resulted in average particle strains for aluminum that were approximately 2.2% greater at global strains around 15% and as much as 13% higher at global strains around 26%.
Linear fits to the aluminum particle strain data are shown in Fig. 5 . From these fits a critical global strain level is defined as the intersection of the linear fit with the global strain axis. It should be noted that the critical global strain is not a real physical property of the composites. In fact the aluminum particle straining most likely begins to occur much earlier in the deformation process due to stress localizations produced by the spatial heterogeneity of the particles in the matrix that exceed the yield strength of aluminum. This is shown conceptually in Fig. 1 for a yield stress of 110 MPa for the aluminum. To better resolve this critical strain additional experiments that stop at lower global strains would be necessary. The critical global strain however, can be thought of as a measure of the global response rather than a mesoscale response to the initiation of aluminum particle plastic deformation and is useful for gaining insight into the relative effects of composite formulation and strain rate. For both types of composites (with and without and nickel) the critical global strain for plastic deformation in the aluminum particles was similar and determined to be 10.5% and 11.0% respectively. Additionally, the linear fits also show the enhanced straining due to the addition of nickel as indicated by a steeper slope.
Also, shown in Fig. 5 is a curve corresponding to a 1:1 global to aluminum particle plastic deformation. For both types of composites, the amount of particle deformation is primarily less than that of the bulk. This is an indication of the deformation response of the composites being dominated by the epoxy matrix at these strain rates. At large enough global strain levels, the aluminum plastic straining may eventually be greater than the bulk assuming the material has not failed. At this point particle-particle interactions, rather than transferring of stresses from the matrix to the particles, is thought to occur due to a decrease in the flow stress of the epoxy matrix at these strain levels. Extensive micro-damage would also be likely at these strain levels and composites would begin to fail by particle-pullout before additional global strains can be accommodated. The crossover strain of the linear fits with the curve corresponding to a 1:1 relationship was calculated to occur at global strains of approximately 26% and 87% for the composites with and without nickel respectively. For the composites in this study, extensive macro-level cracking and failure occurred at engineering strains around 40% during quasi-static compression. Thus, reaching global strains of 87% is highly unlikely and would require a different matrix material to examine particle deformation behavior at global strains greater than those found in this research.
In addition to the effects of introducing stiffer particles we also observed a slight dependence of particle strain with strain rate. For each composite, the average particle strains for compression experiments conducted at a strain rate of 1 × 10 −4 s −1 were lower than those measured for tests conducted at a rate of 1 × 10 −3 s −1 . Although the yield strength of the epoxy matrix is known to be rate sensitive [6] , the dependence is minimal at these low rates. However, the reinforcing particles can enhance these strengthening effects locally within matrix by causing it to undergo higher strain rates, thereby increasing its strength and ability to transfer stress to the surrounding regions. While this may partially explain the apparent particle strain-strain rate dependence observed, sampling statistics likely play a stronger role. In our analysis the standard deviation about the mean particle strain at quasi-static compression rates was is in the range of 13-20% for each composite. ). The upper grouping of data points (blue/solid markers) corresponds to the composites EAN4010-50 and EAN2010-50, which contain nickel. The lower grouping of data points (red/hollow markers) corresponds to the composites EA40-50 and EA20-50, without nickel. The 1:1 particle-global strain relationship (dashed line) is also included. (Color figure online) Further comparisons between each composite showed that the particle strain is slightly correlated to the total volume fraction of particle reinforcement which agrees with the Reuss based stress analysis shown in Fig. 1 . While we found EAN4010-50, with 50% particle loading, to have the highest average particle strain at these strain rates, and EA20-50 (20% particle volume fraction) to have the lowest average particle strain, no clear trend could be inferred on the dependence of total particle volume fraction.
Effects of High Strain Rates on Microstructure Deformation
Microstructures from EAN2010-50 (20% 50 μm Al + 10% Ni) at global plastic strains of approximately 24.8% and 20.9% for quasi-static and dynamic rates of strain, respectively, are shown in Fig. 6 , with the loading axis aligned in the vertical direction. In these microstructures the nickel particles (lighter gray/white particles) appear to be unchanged with an increase in strain rate, and in comparison to the particle morphology shown in Fig. 2 they appear no different. However, the aluminum particles (medium gray) appear to be flattened into an oblate ellipsoidal geometry at low strain rates and undergo an even higher degree of deformation at the higher strain rates. This points to a more significant plastic particle strain accumulation with increases in strain rate for the aluminum phase.
Quantitatively, these results are illustrated for a representative composite (EAN2010-50) in Fig. 7 , which shows a plot of the aluminum particle-global strain dependency, with similar results observed for composites EAN4010-50, EA40-50, and EA20-50. At quasi-static rates EAN2010-50 had aluminum particle strains that increased linearly with increases in global strain that were also less than that of the bulk. In contrast at dynamic rates, even though only a couple of data points exist for EAN2010-50, we found there is a dramatic increase in the average aluminum particle strain with increasing global strain that lie at or well above the 1:1 particle-global strain level. We also observe similar particle strains at lower global straining for tests conducted at dynamic strain rates, indicating a shift in the critical global strain for initiation of particle straining towards smaller global strains. This shift in the aluminum particle straining with increased rates is consistent with relative changes in behavior we expected to find using the Reuss-based stress analysis discussed earlier. . The global, average aluminum particle, and average nickel particle strains were measured for these microstructures to be approximately 24.8%, 21.66%, and 3.54% under quasi-static loading and 20.5%, 59.60%, and 2.41% under dynamic loading Fig. 7 Quasi-static and dynamic particle strain measurements for EAN2010-50 (20% 50 μm Al + 10% Ni). The 1:1 particle-global strain relationship (dashed line) is also included Figure 8 compares the average aluminum particle strain within EAN2010-50, EAN4010-50, EA40-50, and EA20-50 compressed at low and high strain rates. The lower grouping of dynamic rate data centered around 9% global strain correspond to compression experiments conducted at 1 × 10 3 s −1 and data at higher global strains consists of data collected at 5 × 10 3 s −1 . Similarly to quasi-static compression experiments, the amount of aluminum plastic straining increased as the global plastic strain increased. However, the rate of aluminum particle plastic deformation is approximately 45% larger (estimated from the ratio of slopes determined by curve fitting) in the dynamic strain rate regime. The critical global strain for plastic deformation of aluminum particles shifted from ≈ 11% to ≈ 7% at dynamic strain rates. Additionally, at global strains greater than ≈ 10% the aluminum particle strain surpasses the degree of plastic straining of the overall bulk for this system of composites at dynamic compression rates.
As a result of the strain rate dependency, when the composites were subjected to dynamic rates of strain the amount of plastic straining in the aluminum was markedly higher than at quasi-static strain rates by as much as 20-40% for a global strain of approximately 20-25%, as shown in Fig. 8 . These are indications of a shift in the deformation behavior of the composites from quasi-static to dynamic rates of strain. From the microstructure images (Fig. 6) shown earlier for EAN2010-50, the nickel particles appeared to be unstrained. This may be an indication that the epoxy matrix is accommodating more strain per unit volume than that of the aluminum at low strain rates and less strain per unit volume than aluminum at high strain rates. Also, from these images the aluminum particles become highly strained and deform irregularly at the dynamic rates of strain. At these higher strain rates the epoxy matrix is more rigid and in this system behaves much stronger than the aluminum, indicated by the larger amounts of aluminum straining in comparison to the bulk and very little or no observed change in the nickel particles (described in more detail in the following section). This can be attributed to the strain rate dependency of yield strength found in epoxy [6] , allowing higher stresses to be reached and transferred into the aluminum particles much more readily, rather than deforming and flowing with increased stress levels. The shift in deformation behavior for the epoxy may be due to a higher activation energy needed for large-scale chain motions/relaxations to occur that allow the epoxy to rearrange its structure at dynamic strain rates. At dynamic strain rates the composites reached loads in excess of 200 MPa at yield and the difference in stress levels from quasi-static and dynamic compression tests were as high as 100 MPa. As a result of the higher stresses found at the dynamic strain rates, the aluminum deforms to a higher extent and at earlier global strains. Due to limited compression data for each composite at dynamic strain rates, the effects of nickel on the deformation of aluminum particles was not inferred.
Particle Size Effects on Microstructure Deformation
To determine whether changes in particle size affect the degree of strain in the particles, an examination of composites containing small aluminum particles was carried out by analyzing the microstructures of EAN4010-5, EAN2010-5, EA40-5, EA20-5 following compression at a strain rate of 1 × 10 −4 s −1 and a global plastic strain of approximately 21.5%. This strain rate and strain level was chosen due to the more consistent measured post compression plastic strain across each composite. With the exception of EAN4010-5 in which the aluminum exhibited more strain, the levels of particle strain in the composites containing 5 μm aluminum were lower than measured particle strains in their counterpart composites containing 50 μm diameter aluminum particles as shown in Fig. 9 . Using the multi-scale analysis of area fractions (MSAAF) technique [25] [26] [27] [28] we found the composites containing smaller aluminum particles to have shorter microstructure homogeneous length scales or in other words have more uniformly distributed particles. This higher degree of uniformly distributed particles is more efficient at transferring loads, and would result in more evenly distributed stress localization at the mesoscale, thereby decreasing aluminum particle strains. Although the particles are more evenly distributed throughout the matrix for composite EAN4010-5, there may exist a sufficient volume fraction of the aluminum to enhance the build up stress concentrations, particularly near Ni particles. Fig. 8 Plot of aluminum particle plastic strain against global plastic strain. The upper grouping of data points (solid markers) corresponds to the composites data obtained at dynamic strain rates. The lower grouping consists of data points (hollow markers) corresponding to particle strain measurements at quasi-static strain rates. The 1:1 particle-global strain relationship (dashed line) is also included In comparison, the composites containing larger aluminum particles have a more heterogeneous distribution of particles and greater degree of particle-particle interactions causing an increased amount of stress and strain localizations to nucleate resulting in larger aluminum particle strains. The effect of homogeneous length scales of the composites on the mechanical behavior of this composite system is a topic of other work yet to be published.
Deformation of Nickel Particles
Using values in Table 4 , the nickel particle strain data is plotted in Fig. 10 along with the aluminum particle strain data for composites EAN4010-50, and EAN2010-50. The measured plastic particle strain for the nickel was on average 2.38% ± 2.15%. Since nickel is known to have a much larger Young's modulus and yield stress, as well as higher work hardening characteristics in comparison to aluminum and epoxy, the non-zero strains are likely associated with experimental error and is attributed to the fewer number of particles sampled (10's vs. 100's for aluminum). This is further exemplified by the error in particle strain being larger than the average value for many tests (see Table 4 ). Furthermore, there was found to be no pronounced dependence on either the strain rate or the total composite strain. In limited instances the nickel strains were larger at quasi-static strain rates than at dynamic rates, this is again attributed to the variability associated with smaller sample sets, which may not be representative of the total population.
While nickel had zero to very little plastic deformation, the presence of Ni particles within the epoxy caused more extensive plastic straining of the aluminum particles.
As can be seen in Fig. 11 , which shows the microstructure of EAN4010-50 following a post uniaxial compression test at a strain rate of 5 × 10 3 s −1 extensive deformation of the aluminum particles is visible while the nickel particles appear virtually undeformed. The amount of straining in the . The amount of global plastic strain is approximately 26%. Dashed circles indicate regions where aluminum deformed and wrapped around the stiffer nickel particles aluminum closer to the nickel particles also appears to be more pronounced. This can be seen in the circled regions of Fig. 11 where the aluminum particles closer to the nickel particles appear to be warped and follow the contours of the nickel particles. In this case the nickel particles act as rigid anvils within the microstructure by straining very little and transferring higher stresses to the surrounding region, which results in more extensive deformation in the aluminum and epoxy regions. Locally, higher strain rates may be found nearer to the nickel particles that would attribute to higher strengths in the epoxy and larger strains in the aluminumaccounting for average aluminum particle strains that are larger than the overall composite strain.
Particle Strain Distributions
Real microstructures are complex and have large variability in the spatial distribution of the constituents at the local level such as particle chains, clustering, particle volume fraction, and particle type. This can lead to large differences/fluctuations in the mechanical behavior of the composites at the mesoscale. To better understand the effects of the local variability at the mesoscale particle strain distributions were tabulated for each composite at a strain rate of 1 × 10 −4 s
and a global strain of approximately 21.5%. Histograms of these results are shown in Fig. 12 for some representative cases that highlight differences in the distribution due to particle size, and the inclusion of nickel. While the main peaks of the distributions are fairly close to one another, the composites with Ni are found to have a wider distribution of particle strains with a slightly larger number of particles at the high end of the distribution. Aluminum particle size also had an effect on the distribution. Composites with larger particles were more likely to have a portion of particles that achieve much larger particle strains, as shown in Fig. 12 where EAN2010-50 has particles that reach plastic strains between 110 and 115%.
Small aluminum particles are more likely to be fully contained within the strain gradient surrounding the Ni particles and therefore experience a more uniform strain field due to their smaller size. Larger aluminum particles on the other hand are more likely to be partially located within the strain gradient field surrounding the Ni particles. Because of their larger size, this would cause them to experience more of the strain gradient field and have a much larger variation of strain across the extent of the aluminum particles. For the composites containing larger aluminum particles this would result in larger and non-uniform straining within the aluminum particles, but not necessarily result in larger overall particle strains.
In order to determine if particle strains in aluminum due to dynamic strain rates for composites containing small Al particles were similar to those at the lowest quasi-static strain rate, EAN4010-5 was chosen for further microstructure analysis at the other experimental strain rates. A microstructure of EAN2010-5 at a strain rate of 1 × 10 3 s −1 with a lower plastic global strain (7.4%) was also analyzed. The results of this analysis are shown in Fig. 13 . Considering   Fig. 12 Aluminum particle strain distributions for composites EAN4010-5, and EA40-5 (top) and EAN2010-50, and EAN2010-5 (bottom), compressed at a strain rate of 1 × 10 −4 s −1 to a global strain of approximately 21.5%. The distributions are wider for the composites containing Ni and have more particles that strain to higher amounts (top). Similarly the distributions are wider for the composite containing larger aluminum particles (bottom) due to the more heterogeneous distribution of particles and greater degree of particle-particle interactions causing an increased amount of stress and strain localizations to nucleate. A total of 522 and 396 particles were analyzed to produce the histograms for composites EAN4010-5 and EA40-5 and were normalized by a value of 57 and 75 respectively. Likewise, for composites EAN2010-50 and EAN2010-5, a total of 315 and 392 particles were sampled and were respectively normalized by 45 and 59. Each bin has a width corresponding to a strain increment of 0.05. The gray area indicates the portions of the distributions that are overlapping the quasi-static and dynamic strain rate data for EAN4010-5, the particle deformation shows no pronounced changes with a change in strain rate. At low strains the deformation of aluminum is greater than the global strain for higher strain rates. However, at higher global strain levels the measured particle strains were lower than that of the global strain. When small particles are in the epoxy matrix there is a greater number of particles that strain for the same loading fraction of particles. In comparison to EAN4010-50, the aluminum particles in EAN4010-5 have a more even spatial distribution between the nickel particles, which decreases the amount of particle-particle interactions during loading and thereby having a pronounced affect on the particle strain distribution (see Fig. 14) . The results show a much wider distribution of strains for EAN4010-50, up to 155%, where as for EAN4010-5 the particle strains were confined below 100% for the same level of composite strain.
Earlier it was mentioned that the nickel particles aid in the straining of the aluminum particles a great deal when they are within an affected zone surrounding the nickel particles. To get a better idea of the extent to which the nickel particles influence the deformation of the aluminum an image mapping the strain in each particle was prepared using MATLAB®. Based on the amount of strain in the particles they were artificially colored, with red representing a particle that has strained more. It was found that the highest degree of strain in aluminum occurs near the poles surrounding the nickel particles (see , respectively with the loading axis aligned in vertical direction). The particles also deform to match the contours of the nickel particle morphology. Since the nickel deforms very little, as the rest of the composite is compressed, the material above and below the nickel gets squeezed against the nickel anvils with compressive stresses aligned with the loading axis. However, the motion of the material on the sides is constrained by the nickel, which limits the amounts of strain in the aluminum to lower values. This is indicated by particles colored with a more bluish hue. This constraining effect is even more pronounced in regions between two . At higher strain rates the larger aluminum particles exhibit a greater degree of particle-particle interactions causing an increased amount of stress and strain localizations to nucleate at a much faster rate than composites with smaller aluminum particles. For EAN4010-50 a total of 341 particles were measured and the data was normalized by a value of 26. Likewise, for EAN4010-5 a total of 554 particles were measured and the data was normalized by a value of 61 Fig. 15 Particle strain mapping for EAN4010-5 (40% 5 μm Al + 10% Ni) with a global plastic strain of 28.7%. In this figure the aluminum particles with the largest strains are located near the poles of the Ni particle (large particle located in center of image). As the NiAl particle distance increases the Al particle strain decreases magnitude. Image is from a compression test conducted at a strain rate of 1 × 10 −3 s horizontally aligned nickel particles within close proximity (see Fig. 15 ). In between the Ni particles the strain fields constrain the deformation of the aluminum thereby decreasing their overall strain levels and help prevent excess damage from being generated in that region. The deformation of the particles has a similar morphology for the composites containing large aluminum particles, such as can be observed in Fig. 17 for a particle strain mapping for EAN4010-50 at a global strain of approximately 26.3% and strain rate of 5 × 10 3 s −1
. For the composites containing larger aluminum particles, while the Al particles in close proximity to Ni still wrap around and conform to the contours of the Ni particles, in the regions between the Ni particles they are elongated and have high aspect ratios. The difference is that for composites containing small Al particles this extreme elongation is distributed amongst many particles. Also, by observation of the resulting microstructure from these tests the radius of the affected region around the Ni particles is estimated to have a thickness as much as 0.5-1.0 times the diameter of the nickel particles. This translates to roughly 24-48 μm.
Conclusions
This work used a new analysis technique to measure deformation of particle reinforced composites at the mesoscale. From post-mortem examination of the composite microstructures following compression at quasi-static and dynamic strain rates, the aluminum was found to strain at higher rates in comparison to the bulk for the dynamic strain rate regime. This was due to the epoxy exhibiting a strong bilinear yield strength dependence on strain rate with a transition that occurs at intermediate rates of strain. At dynamic strain rates the epoxy therefore has a higher strength, which in this case makes it stronger than aluminum. This causes the aluminum to deform to higher extents. Aluminum also had higher strains for composites containing Ni, which strained very little. This was due to Ni acting as small anvils distributed throughout the epoxy matrix. Because of this aspect, the aluminum in close proximity to nickel had higher strain levels than in the bulk regions. They were also higher for Al particles located near the poles aligned with the axis of uniaxial compression. Aluminum particle strains were found to be as high as 150% for some aluminum particles in composites containing 40% 50 μm Al and 10% Ni. The Al particle strains were also higher for the composite EAN4010-50 as opposed to EAN4010-5. This is due to decreased particle-particle interactions in composites containing small aluminum particles, which have a more homogeneous aluminum particle distribution. This behavior was also shown for other composites containing the smaller sized aluminum particles at quasi-static compression rates and composite global strains around 21.5%. Fig. 16 Particle strain mapping for EAN4010-5 (40% 5 μm Al + 10% Ni) with a global plastic strain of 21.7%. In this Figure the aluminum particles with the largest strains are located near the poles of the Ni particle (two larger particles). As the Ni-Al particle distance increases the Al particle strain decreases magnitude. Also, in between the Ni particles the strain fields overlap placing a constraint on the deformation of the aluminum. This decreases their overall strain levels, which would also prevent excess damage from being generated in that region. Image is from a compression test conducted at a strain rate of 1 × 10 −4 s 
